fibroblasts were gently mixed at 4°C to give a suspension at a final density of 3.0ϫ10 5 cells/ml and 1.5 mg/ml collagen. The collagen/cell suspension was poured into a silicon elastomer mold (25 mmϫ45 mm, 5-mm depth), and incubated at 37°C to allow gelling as described previously. 5, 11) After incubation for 24 h, serum-free medium was added, the mold was removed, and the gel was allowed to float in the serum-free medium.
Measurement of Contraction Force Generation Contraction forces generated by fibroblasts cultured in the collagen gel were measured as described previously. 5, 11) Briefly, the collagen gel-containing fibroblasts were mounted in an isometric transducer at its original length, bathed in serumfree DMEM, and kept at 37°C. Each gel was allowed to equilibrate for 1 h prior to each experiment to ensure a stable baseline. Serum-free DMEM including the plant extract (0.001 residue % final concentration) was added directly to the bath, and changes in contraction forces were recorded by BIOPAC system (BIOPAC Systems Inc., Santa Barbara, CA, U.S.A.).
Inhibitory Effect of Cytochalasin D Horse chestnut extract (0.001 residue % final concentration) or thrombin (2 U/ml final concentration) was added to the gel to induce contraction force generation as detailed above. Cytochalasin D (2 mM, final concentration) was then added and changes of force generation were measured.
Fluorescence Microscopy of Stress Fibers Fibroblasts on collagen coated chamber slides (Lab-Tek, Nalge Nunc Int. Corp., Naperville, IL, U.S.A.) were cultured in serum-free DMEM for 24 h. The cells were treated with the Horse chestnut extract (0.0003 residue %) for 10 min, then fixed in formalin and treated with ice-cold methanol for a few minutes. The cells were then stained with Rhodamine phalloidin and observed by fluorescence microscopy.
Effects of Various Inhibitors on Contraction Force
Fibroblasts cultured in collagen gel were treated by kinase inhibitors at 37°C for 30-60 min. Horse chestnut extract (0.001 residue % final concentration) was then added and changes in force generation were measured. The concentrations of inhibitors used in this study were: H7 dihydrochloride: 10 mM, ML-9: 10-50 mM, ML-7: 25 mM, KT5720: 0.6 mM, HA1077: 10 mM or 30 mM, Calphostin: 0.3-1 mM, Herbimycin A: 2 mM, Genistein: 10-25 mM , Y27632 dihydrochloride: 10 mM or 30 mM.
Inhibitory Effects of Exoenzyme C3 on Contraction Forces Lipofectin was used as a delivery system as previously described. 12) Exoenzyme C3 was treated with Lipofectin according to the manufacturer's directions to produce an exoenzyme C3/Lipofectin complex (2.5 mg/ml). Briefly, an adequate amount of exoenzyme C3 was added to the Lipofectin/DMEM solution and allowed to stand at room temperature for 45 min to produce the exoenzyme C3/Lipofectin complex. Fibroblasts cultured in collagen gel were treated with the exoenzyme C3/Lipofectin complex or with Lipofectin alone at 37°C for 2-6 h. Untreated gels were used as control (expressed as NONE). The collagen gels containing fibroblasts were then rinsed in serum-free DMEM and mounted in an isometric transducer bathed in serum-free DMEM kept at 37°C. Horse chestnut extract (0.001 residue % final concentration) was added and changes of force generation were detected as described above.
Statistical Analysis Student's t-test was used for statistical analysis of experimental results, and pϽ0.05 was considered significant. All experiments were performed at least twice, and data from one representative experiment are shown in the figures.
RESULTS

Contraction Force Generation by Various Plant Extracts
We evaluated about 100 plant extracts described in the Japanese cosmetic ingredients codex. All extracts used in this study are commercially available products. Figure 1 shows the effects of several plant extracts on generation of contraction forces in fibroblasts. Representative force-time dependent curves induced by the Horse chestnut extract or by thrombin are shown in Fig. 2 . Application of the Horse chestnut extract at 0.001% (residue %) concentration to dermal equivalents (of 3ϫ10 5 fibroblasts) induced a contraction force of 9.0Ϯ2.6 (averageϮS.D.) dynes. Extracts of Ginger (Gingiber officinale), Baikal Skullcup (Scutellaria baicalensis), or Amur corktree (Phellodendron amuren) also induced force generation but were less effective than the Horse chestnut extract. Extracts of Sage (Salvia officinalis) or Milk Vetch (Astragalus sinicus) induced only slight force generation. Thrombin and LPA used as positive controls induced forces of about 30.0 and 14.5 dynes, respectively. On the other hand, b-escin, a biologically active component of Horse chestnut, did not induce any force generation at a concentration of 0.001 residue % (data not shown).
Inhibitory Effect of Cytochalasin D and Fluorescence Microscopy of Stress Fibers
The effect of Cytochalasin D, an inhibitor of actin polymerization, on generation of contraction force in fibroblasts by Horse chestnut extract is shown in Fig. 2a . The contraction force generation induced by Horse chestnut extract was abrogated by treatment with cytochalasin D (2 mM) in a time-dependent manner. Similar results were seen with thrombin (Fig. 2b) . Stress fiber formation was observed in fibroblasts treated with Horse chestnut extract within 10 min (Fig. 3 ). Higher doses of Horse chestnut extract caused fibroblasts to detach from the chamber slide, probably because the force generated was too high, and therefore we used collagen-coated chamber dishes in these experiments. However, thrombin did not cause detachment of fibroblasts from the chamber slide regardless of its strong force generation activity.
Inhibitory Effects of Various Inhibitors on Contraction Force Generated by Horse Chestnut Extract Treatment with vehicle only (without kinase inhibitor) showed a force of 13.5Ϯ2.6 dynes (meanϮS.D.) following application of Horse chestnut extract. We initially examined the inhibitory effect of the MLCK inhibitor ML-9 on contraction force generation induced by the Horse chestnut extract. 13) MLCK is known to mediate smooth muscle cell contraction, 14) and has been suggested to regulate non-muscle cell contraction as well. 11, 15) As shown in Fig. 4 , ML-9 had no inhibitory effect at concentrations of 10-50 mM. Another MLCK inhibitor, ML-7, also had no inhibitory effect at a concentration of 25 mM (data not shown).
Next, the effects of inhibiting various protein kinases, protein kinase A (PKA), protein kinase C (PKC), protein kinase G (PKG) and tyrosine kinase, were examined using potent specific inhibitors of those kinases. Genistein 16) and Herbimycin A, 17) both tyrosine kinase inhibitors, had no inhibitory effects on force generation of fibroblasts induced by Horse chestnut extract at concentration ranges of 10-25 mM and at 2 mM, respectively. Calphostin, 18) a PKC inhibitor, also had no effect on force generation of fibroblasts at concentrations of 0.3-1.0 mM. The PKA inhibitor KT5720 19) increased force generation rather than inhibiting it. In contrast, H7, which shows moderate K i values for PKA, PKC, and PKG but a lower K i value for Rho kinase, 20) blocked the force generation significantly at a concentration of 10 mM.
HA1077 is a potent inhibitor of Rho kinase, 20, 21) and we examined the effect of that inhibitor on contraction force generation. As shown in Fig. 5 , HA1077 blocked force generation of fibroblasts significantly at concentrations of 10 mM and 30 mM in a dose-dependent manner. Since HA1077 is a fairly effective inhibitor of PKA and PKG, and a moderate inhibitor of MLCK, we examined those inhibitory effects using a more specific Rho kinase inhibitor, Y27632 20) (Fig.  5 ). Y27632 completely blocked force generation of fibroblasts induced by Horse chestnut extract at concentrations of 10 mM and 30 mM (data not shown).
Inhibitory Effects of Exoenzyme C3 on Contraction Force A small G-protein Rho has Rho kinase as one of its target molecules. To determine whether Rho is involved in force generation induced by Horse chestnut extract, we investigated the effects of exoenzyme C3 on induction of force generation. The exoenzyme C3 irreversibly inactivates Rho ADP ribosylation. 22, 23) Although treatment with Lipofectin alone had no effect on force generation compared with untreated controls, treatment with exoenzyme C3/Lipofectin complex significantly inhibited the contraction force generation of fibroblasts induced by Horse chestnut extract (Fig. 6 ).
DISCUSSION
Contraction Force Generation Induced by Various Plant Extracts
Contraction forces generated by non-muscle cells such as fibroblasts play important roles in biological processes such as determining cell morphology, vasoconstriction, and/or wound healing.
1-4) However, ingredients Horse chestnut extract or thrombin was added to the gel, inducing force generation, after which Cytochalasin D (2 mM) was added where noted and changes of force generation were recorded. that generate cell contraction forces are unknown except for lysophosphatidic acid, thrombin, and the like.
5-8) Therefore we initially searched for ingredients that induce generation of cell contraction forces using a dermal equivalent model among various plant extracts. We found that an extract of Horse chestnut (A. hippocastanum) was able to induce such contraction forces in fibroblasts. We found several other active plant extracts, extracts of Ginger (G. officinale), Baikal Skullcup (S. baicalensis) and Amur corktree (P. amuren) in that same screening. Since induction of non-muscle cell contraction force by plant extracts has not been previously reported, these results show the first discovery of a plant extract that can induce fibroblasts to generate contraction forces. This discovery suggests the possibility that extracts of common plants could serve as pharmacological agents such as wound healing or vasoconstriction drugs and also that measuring forces generated by cells is a useful and simple screening method.
Inhibitory Effect of Cytochalasin D and Formation of
Stress Fibers Horse chestnut extract was the most effective among plant extracts tested, so we examined the mechanism of force generation by this extract as a representative case. Involvement of actin polymerization was suggested by the inhibition of force generation elicited by cytochalasin D, an inhibitor of actin polymerization. In addition, formation of stress fibers was observed in fibroblasts treated with this extract. It is known that the contraction force of non-muscle cells is generated by actomyosin based on stress fiber contraction in myofibroblasts, which are probably to be the cells responsible for contraction force. 24) Kolodney and Wysolmerski demonstrated that actin filaments are critically important for force generation by fibroblasts and endothelial cells. 5) They commented that stress fibers may be a result of tension generated in cytoplasm rather than being essential for force generation because most stress fibers appeared after maximal force had already developed. However, in our studies on Horse chestnut extract, stress fibers appeared within 10 min of Horse chestnut extract treatment whereas force generation reached a maximum state only after 20-30 min, indicating that the force generation coincides with formation of stress fibers. Consequently, these results suggest that Horse chestnut extract generates the contraction force of fibroblasts by actin polymerization accompanied by formation of stress fibers.
Effects of Various Kinase Inhibitors on Contraction Force
Katoh et al. demonstrated that stress fiber formation is regulated by MLCK and by Rho kinase in human fibroblasts. 10) Although the relationships among the phosphorylation of myosin light chain (MLC), stress fiber formation, and force generation have not been clarified completely (as described below), it is thought that phosphorylation of MLC by these kinases is probably involved in stress fiber formation and/or force generation of fibroblasts elicited by Horse chestnut extract. Therefore to clarify which kinase(s) are involved in the fibroblast contraction force generated by Horse chestnut extract, we examined the effects of various inhibitors of kinases, including Rho kinase or MLCK, on contraction force generation.
MLCK is a Ca 2ϩ -dependent kinase that phosphorylates MLC in smooth muscle cells and is known to mediate smooth muscle cell contraction. 14, 25) This kinase is suggested to regulate non-muscle cell contraction as well, and phosphorylation of MLC is regulated by MLCK in fibroblasts as well as in smooth muscle cells. 5, 11, 15) Although previous studies have suggested that phosphorylation of MLC is critical for force generation, the MLCK inhibitors ML-9 and ML-7 have no inhibitory effects on contraction force generation of fibroblasts by Horse chestnut extract. These reports taken in context with our results indicate that phosphorylation of MLC by MLCK is not involved in contraction force generation by Horse chestnut extract.
Jin et al. showed that the tyrosine kinase inhibitor genistein significantly inhibits serum-induced force generation in vascular smooth muscle, and they demonstrated that there is an interrelationship between activation of the tyrosine kinase pathway and the MLCK pathway in vascular smooth muscle. 26) Ridley and Hall reported that genistein inhibits stress fiber formation induced by LPA on Swiss 3T3 cells, although they did not mention the force generation of cells. 27) Thus if MLCK is involved in cytoskeletal changes in fibroblasts induced by Horse chestnut extract, inhibition of tyrosine kinase might influence the force generation. However, the tyrosine kinase inhibitors genistein or herbimycin A had no inhibitory effect on force generation, indicating that this kinase is not involved in the force generation of fibroblasts by Horse chestnut extract.
The roles of PKC in contraction force generation in cells have not been clarified completely. Several studies have demonstrated that PKC inactivates MLC phosphatase (MLCPPase) by phosphorylation in smooth muscle cells, resulting in an increase of phosphorylated MLC and thereby promoting force generation and contraction of cells. 28, 29) Ikebe et al. 30) and Nishizawa et al. 31) demonstrated that PKC phosphorylates MLC at Ser1/Ser2 and Thr19 positions in nonmuscle cells. Their results indicate that the inhibition of PKC could induce force generation even in fibroblasts. However, a selective PKC inhibitor (Calphostin) did not inhibit the contraction force generation induced by Horse chestnut extract at all, suggesting that PKC is not involved in induction of contraction force generation via phosphorylation of MLC or MLCPPase.
The potential roles of other protein kinases were also examined. The roles of PKA, PKC, and PKG on contraction force generation in cells have not been clarified completely. However, smooth muscle relaxation is preferentially mediated by PKG-and PKA-dependent phosphorylation. 32, 33) In our study, the PKA inhibitor KT5720 increased force generation rather than inhibiting it. If fibroblasts adopt a mechanism similar to smooth muscle cells, the above results indicate that inhibiting PKA causes increased contraction force in addition to effect of Horse chestnut extract, although further work will be necessary to establish this.
Next, we examined the effects of H7, which shows moderate K i values for PKA, PKC, and PKG but a lower K i value for Rho kinase. 20) The role of Rho kinase in contraction force generation in fibroblasts has been well clarified. Rho kinase phosphorylates not only MLC [34] [35] [36] but also myosin-binding subunit (MBS) of MLCPPase, which inactivates this phosphatase in fibroblasts. 37, 38) These phosphorylations of MLC promote the assembly of myosin II into filaments, which stabilizes actin-myosin interactions, forms stress fibers, and promotes cell contraction. [39] [40] [41] [42] In other words, the contraction force generation of fibroblasts is regulated by Ca 2ϩ -independent Rho kinase, and the formation of stress fibers is also regulated by this kinase. 10, 43) Thus inhibition of Rho kinase by H7 could decrease the contraction force of fibroblasts. As shown in Fig. 4 , H7 significantly blocked the force generation of fibroblasts. Inhibition of PKA and PKG might induce contraction of cells, but inhibition of PKC showed no effect on force generation of fibroblasts by Horse chestnut extract, as mentioned above. Consequently, these results suggest that Rho kinase could be a critical enzyme in the contraction force generation of fibroblasts induced by Horse chestnut extract.
To determine whether Rho kinase is involved in force generation induced by Horse chestnut extract, we next examined the inhibitory effects of HA1077, a potent Rho kinase inhibitor, 21) on force generation induced by the Horse chestnut extract. As shown in Fig. 5, HA1077 significantly blocked the force generation of fibroblasts in a dose-dependent manner. Since HA1077 is a fairly effective inhibitor of PKA and PKG, we examined the effects using a more specific Rho kinase inhibitor, Y27632. 20) Rho kinase is known to stimulate contractility in smooth muscle cells and in non-muscle cells by phosphorylation, thereby inactivating MLCPPase, 37, 38) and by direct phosphorylation of MLC. [34] [35] [36] Recently, Yee et al. reported that the Rho kinase signaling pathway is a principal mediator of contractile force generation by fibroblasts induced by serum or endothelin. 44) As shown in Fig. 5 , Y27632 completely blocked force generation of fibroblasts induced by Horse chestnut extract at a concentration of 10 mM. These results indicate that Rho kinase plays a critical role in the contraction force generation of fibroblasts induced by Horse chestnut extract.
There are several studies regarding the mechanism of force generation of fibroblasts induced by thrombin used as positive control. Kolodney and Wysolmerski demonstrated that thrombin induced the force of dermal fibroblasts through actin polymerization and stress fiber formation. 5) Recently, Jeng et al. reported that thrombin-induced gingival fibroblasts-populated collagen gel contraction was inhibited by ML-7 and HA1077 completely, partially by genistein. 45) Although they do not specify the contraction force generated by the fibroblasts, it is considered that their results indicate that thrombin induces force generation of fibroblasts via both Rho kinase and MLCK activating pathway, but not tyrosin kinase. Concerning stress fibers, Katoh et al. demonstrated that there are at least two types of stress fibers systems in fibroblasts.
10) The central stress fiber system is dependent more on Rho kinase than MLCK, while the peripheral stress fiber system depends on Rho kinase. In our study, thrombin showed stronger force generation than Horse chestnut extract. However, thrombin did not cause detachment of cells from chamber slide; nevertheless Horse chestnut extract did so remarkably at high doses. Taken together, we presume that these differences between thrombin and this extract are due to whether both kinases are activated or only Rho kinase.
Rho kinase activity is regulated by a small G-protein Rho, which functions upstream so that we next examined whether Rho is involved in the force generation by the Horse chestnut extract.
Inhibitory Effect of Exoenzyme C3 on Contraction Force Recent studies demonstrated that activation of Rho induces stress fiber formation and contraction in fibroblasts. 3, 46) The contraction of fibroblasts induced by the activation of Rho affects the downstream targets, Rho kinase and MLCPPase. 34, 37, 47) Regarding the contraction force generation of fibroblasts, Yee et al. reported involvement of Rho kinase and Rho in fibroblast contractile force generation induced by serum or endothelin using isometric force quantification methods, as used in this study. 44) They concluded that the Rho/Rho kinase signaling pathway is a principal mediator of MLC phosphorylation and consequent force generation by non-muscle cells. To evaluate the relationship of Rho protein as a signal mediator to the contraction force generation induced by Horse chestnut extract, exoenzyme C3 was used. Exoenzyme C3 significantly inhibited the contraction force generation of fibroblasts, indicating that the Rho signaling pathway is involved in contraction force generation induced by Horse chestnut extract.
The signaling pathway(s) involved at the cell surface that mediate the signal from Horse chestnut extract to Rho protein has not been investigated. LPA mediates transmission signals from the cell surface to Rho protein through the cell surface receptor Edgs. 48) Sphingosine-1-phosphate 49, 50) and platelet-derived growth factor (PDGF) 51) also have receptors, so we assume that Horse chestnut extract acts on the Rho protein through some kind of cell surface receptor. Although the active component(s) of this extract has not been identified, it is clear that b-escin, a biologically active compound in Horse chestnut extract, 52) is not the active component(s) inducing the cell force. Further investigation is required to clarify the signaling pathway inducing force generation using the active component(s) of the extract.
Phosphorylation of MLC We investigated the mechanism of force generation of fibroblasts induced by Horse chestnut extract using pharmacological inhibition methods. The Horse chestnut extract induced force generation of fibroblasts by activating the actomyosin system via Rho and Rho kinase signaling pathway but not via MLCK, protein kinases, or tyrosine kinase. In general, it is well established that the Rho/Rho kinase signaling pathway is a principal mediator of MLC phosphorylation and consequent force generation by non-muscle cells. 3, 44, 46) One key question is how is the amount of phosphorylated MLC involved in force generation? We did not examine MLC phosphorylation in this study because the amount of phosphorylated MLC is not related to the force generation of fibroblasts. Kolodney and Wysolmerski 5) reported that stress fiber formation is essential for force generation of fibroblasts. Obara et al. also reported that stress fiber formation is important in fibroblasts to generate contraction force. 53) Kolodney and Wysolmerski further reported that phosphorylation of MLC plays a critical role in the force generation of fibroblasts induced by antagonists such as thrombin since the time course of the increase of MLC phosphorylation in response to thrombin closely paralleled the increase in isometric force. 5) In contrast, Obara et al. demonstrated that increase of MLC phosphorylation is independent of the contraction force generation of fibroblasts induced by serum. 53) Nobe et al. investigated the mechanism of contraction force generation focusing on stress fiber formation, MLC phosphorylations, and force generation using a force measuring system similar to ours. 54) They reported that the Rho kinase inhibitor Y27632 inhibits force generation in fibroblasts and prevents stress fiber formation induced by serum, but does not affect MLC phosphorylation.
Taken together, it is not yet clear whether Rho kinase induces stress fiber formation and force generation in fibroblasts accompanied by phosphorylation of MLC. These published results indicate that Rho kinase and stress fiber formation are necessary for the force generation of fibroblasts induced by Horse chestnut extract, but that phosphorylation of MLC is not necessary for that process.
The mechanisms of force generation induced by other plant extracts were not investigated. However, it can be speculated that a similar action related to actin/myosin polymerization occurs, since similar force-time dependent curves were observed by treatment with Horse chestnut extract and other extracts. If depolymerization of microtubules occurs, the force-time dependent curves must be different from those induced by the Horse chestnut extract, because force generation is initiated slowly. 11) We did not examine the force generation activity of the plant extracts on other types of cells such as endothelial cells or smooth muscle cells, but similar activities could be observed because force generation depends on the Rho/Rho kinase signaling pathway.
CONCLUSIONS
Our results indicate that the activation of Rho kinase through Rho, accompanied by the formation of stress fibers, are crucial events in force generation of fibroblasts induced by Horse chestnut extract. Horse chestnut extracts have proven anti-swelling, anti-edema, venous insufficiency, and anti-inflammation activities, [55] [56] [57] but those biological and physiological activities cannot be explained due to the contraction force generation. Plant extracts that induce contraction force generation of fibroblasts in vitro might also exhibit efficacy in vivo, e.g., by promoting wound healing and/or tis-
